An in sacco mobile bag technique was used to determine the rate and extent of disappearance of unmolassed sugar-beet pulp, soyabean hulls, hay cubes and an oat hull -naked oats mixture (67:33, w/w) in the foregut and total digestive tract of ponies. Ponies were administered naso-gastrically polyester mesh bags ð60 £ 10 £ 10 mmÞ containing 350 mg feed, in a 3 £ 4 Latin square design. Bags were collected at the ileo-caecal junction (small intestine bag, SIB) and in the faeces (faecal bag, FB) and their residues analysed for proximate constituents and NSP composition and content. DM disappearances from individual bags were fitted to degradation profiles (Ørskov & McDonald, 1979) and effective degradability values determined. Significant differences (P, 0·05) in DM, organic matter and crude protein ðN £ 6·25Þ losses from SIB were noted between feeds with hay cubes and oat hulls -naked oats . sugar-beet pulp and soyabean hulls. Acid-detergent fibre, neutral-detergent fibre and NSP disappearances were small and varied little between feeds. In contrast, FB losses showed significant (P, 0·05) differences for all constituents measured with sugar-beet pulp . soyabean hulls . hay cubes . oat hulls -naked oats. Crude protein losses from sugar-beet pulp and soyabean hulls in FB were significantly higher (P, 0·05) than from SIB. FB degradation curves showed degradation to be affected by bag residence time with sugar-beet pulp . soyabean hulls and the effective degradability showed that significantly more (P,0·05) sugar-beet pulp was lost at 40.0 and 60.0 h than for the other three feeds. These results show that sugar-beet pulp and soyabean hulls are rapidly degraded by ponies and could be used as alternatives to hay in equid rations. However, the foregut availability of crude protein from sugar-beet pulp is poor, so a readily digestible source of crude protein should be offered to animals with high protein demands when diets are based on sugar-beet pulp.
Although horses evolved principally as hindgut fermenters, studies by Gibbs et al. (1988) , Peloso et al. (1994) and Coleman et al. (1998) have shown that equids can digest a high proportion of dietary soluble carbohydrates, starch, proteins and fats via enzymatic activity in the small intestine. Performance horse owners, who feed their horses minimal forage and large amounts of cereal-based concentrates, target this foregut digestion in order to meet the energy demands of high-intensity exercise and to keep gut-fill to a minimum (Duren, 1998) . While many performance horses require high-starch diets to maximise muscle glycogen stores and fuel anaerobic work (Pagan, 1998) , diets containing high levels of cereals, particularly those offered in large infrequent meals, can pre-dispose horses to diet-related metabolic disorders such as acidosis, colic and laminitis (Yelle, 1986; Carroll et al. 1987; Potter et al. 1992) . Although horses consuming fibre-based diets are less susceptible to acidosis because fibre maintains more stable hindgut fermentation variables than cereals (Radicke et al. 1991; , the energy from volatile fatty acid metabolism can only be used to fuel extended work due to the limitations of aerobic energy production. Moreover, many traditional fibre-based feeds have apparent digestibility values , 50 % (MooreColyer & ; thus, the animal is processing a considerable amount of indigestible material. Feeding a more energy-dense fibrous feed could help to alleviate these problems by increasing the proportion of energy derived from the fibrous part of the diet, thereby allowing a moderate reduction in dietary concentrate levels. In addition, some fibrous feeds such as molassed sugar-beet pulp can be a useful source of energy for the performance horse, as it contributes to the glycaemic response and will thus enhance muscle glycogen levels (Groff et al. 2001) .
Although a number of workers have examined the total intestinal tract digestibility of different fibrous feeds in horses (Cuddeford et al. 1995; Todd et al. 1995) , little information exists on the site and extent of their digestion within the different regions of the gastrointestinal tract. Knowledge of the amount of feed that is digested within a certain region of the gut is particularly useful when considering energy production, as ATP synthesis from glucose metabolism as a result of enzymatic digestion in the small intestine is markedly more efficient than the production of ATP from volatile fatty acid metabolism derived from fibre degradation within the large intestine. Moreover, knowledge of the site of digestion is particularly important when measuring protein availability, as it is only the protein digested in the small intestine that is utilised by the horse (Hintz et al. 1971; Hintz & Cymbaluk, 1994) . Protein, which is fermented in the large intestine, yields NH 3 , which is synthesised into amino acids by the microbial population (Potter et al. 1992) . Although these amino acids are not well utilised by the horse, they are necessary for the growth and maintenance of the hindgut microflora, an essential factor if the fibre component of the diet is to be fully utilised (McDonald et al. 1996) .
Currently, most horse and pony diets in the UK are formulated on National Research Council (1989) recommendations, which assume certain digestibility coefficients for energy and protein. However, lack of information on the site of digestion sheds some doubt on the accuracy of these formulations. Studies that determine the amount of dietary energy and protein actually available for metabolism would yield information that could be used to manipulate rations so that they closely match individual animal requirements.
The mobile bag technique has been successfully used in ruminant animals (Kirkpatrick & Kenelly, 1984; Varvikko & Vanhatalo, 1990) and pigs (Sauer et al. 1983; Leibholz, 1991) and when used in conjunction with fistulated animals, offers the opportunity to measure both the rate and extent of feed degradation within different segments of the equid gastrointestinal tract (Hyslop et al. 1996; Moore-Colyer et al. 1997; McLean et al. 1999) . Such a technique, if combined with effective degradability calculations (Ørskov & McDonald, 1979) , could provide essential results on feed degradation kinetics within the different regions of the equid gut and this information could then be used to improve the accuracy of ration formulation for a wide variety of horses.
The objectives of the experiment reported here were to determine the extent of degradation of four botanically diverse fibrous feeds in the small intestine and total tract of ponies. This, coupled with direct quantitative measurements of dietary NSP content, to overcome the inaccuracies inherent in the detergent methods of fibre analysis (Longland & Low, 1995) , were undertaken with a view to establishing detailed information on the potential nutrient value of four fibrous feeds that could be offered as the basal roughage in the diets of stabled horses.
Materials and methods

Experimental design
Three mature Welsh-cross pony geldings (about 250 kg live weight), each fitted with a permanent in-dwelling caecal cannula (Cottrell et al. 1998) at the top of the caecum (caecal base), were used in a 3 £ 4 incomplete Latin square design experiment. Ponies were offered a basal diet of 4 kg grass nuts (DM/d), which were soaked in water for 12 h and given in two equal meals at 09.00 and 17.00 hours. A mineral and vitamin supplement (30 g; Table 1 ) was also fed with each meal of grass nuts. Grass hay was available ad libitum from 17.00 to 09.00 hours and water was continuously available from automatic water troughs. The ponies were housed individually in pens and the floor was covered with rubber mats and a small amount of wood shavings.
Preparation of feeds and mobile bags
The feeds that were placed into the monofilament polyester mesh bags ð60 £ 10 £ 10 mmÞ were unmolassed sugar-beet pulp (sugar-beet pulp), hay cubes, soyabean hulls and oat hulls -naked oats (67:33, w/w). Disappearances (expressed as coefficients) of DM, organic matter (OM), acid-detergent fibre (ADF), neutral-detergent fibre (NDF), crude protein (N £ 6·25; CP) and NSP were recorded, and individual bag residue disappearances were subsequently calculated according to the formula:
where I is the amount of feed component (mg) in the bag and F is the amount of the feed component in the bags collected at the caecal fistula or in the faeces (mg). A portion of each feed (350 mg), ground to pass through a 1 mm steel -mesh (203 mm laboratory mill; Christy and Norris, Chelmsford, UK) was heat -sealed inside monofilament polyester mesh bags (60 £ 10 £ 10 mm; pore size 41 mm; Seriol Ltd, Broadstairs, Kent, UK), using a Packer heat-sealer (model 15/300 H; Viking Direct, Leicester, Leics., UK). The bags were designed according to the recommendations of Macheboeuf et al. (1996) , Hyslop & Cuddeford (1996) and Cherian et al. (1989) . In addition, two 100 mg steel washers were sealed into one end of each bag and the bags numbered with indelible pen. The steel washers in the base of the bags allowed the bags to be captured immediately they passed through the ileo-caecal junction by a specially designed removable magnetic device (Department of Physics, Edinburgh University), which was placed inside the caecal cannula and positioned to lie across the ileo-caecal junction.
Administration of mobile bags
On two consecutive mornings of each week, twenty bags containing one of the four diets were administered to each pony via a naso-gastric tube. The tube was prefilled with bags before insertion into the nasal passage. Approximately 750-1000 ml water was then pumped into the tube using a hand-operated pump to flush the bags into the stomach. Immediately post-dosing, the magnet was placed inside the caecal cannula to capture bags passing through the ileo-caecal junction. On capture of one or several bags, an electrical circuit inside the magnet was completed and this caused a red light to flash on the external end of the magnet. This indicated to those in attendance that a bag had been caught on the magnet. The cannula top was then opened and the bag(s) immediately removed, before re-positioning of the magnet inside the cannula. The capture time of each bag was noted and the procedure repeated each time a bag was captured, for a period of 8.0 h. Since these bags had passed through the stomach and small intestine only, and were not subjected to any caecal degradation, they were designated small intestine bags (SIB). The magnet was then removed and the remainder of the bags continued through the digestive tract to be recovered in the faeces, and these were termed faecal bags (FB). As soon as the bags were collected (both SIB and FB) they were hand-rinsed in ice-cold water and kept at 408C for a maximum of 2 h, whereupon they were washed using the cold-rinse programme of a domestic washing machine (Indesit model (Italy) 824, programme 5.), according to the procedure described by Hyslop et al. (1999) . After drying in a forced-draught oven at 608C for 48 h, individual SIB and FB bags were weighed to determine the DM losses for each bag. In order to obtain sufficient residue for separate chemical analysis of SIB and FB, the bags were then opened and the contents bulked for each feed within each pony. Thus, results for SIB and FB were obtained for individual bag DM loss for each diet and pony, plus a separate bulked sample of SIB and FB bag residue for each pony and diet, thereby allowing an average value for digestibility of OM, CP ðN £ 6·25Þ; ADF, NDF, total NSP, rhamnose, arabinose, xylose, mannose, glucose and uronic acid to be obtained.
Chemical analysis
Samples of the four feeds and the bulked residues for both SIB and FB were separately ground using a pestle and mortar and analysed for DM, OM, ADF, NDF, total and individual NSP, starch and CP ðN £ 6·25Þ according to the methods of the Association of Official Analytical Chemists (1990).
DM degradation curves
Within each pony and separately for both SIB and FB results, individual DM disappearances for each feed were subjected to the Ørskov & McDonald (1979) model (equation 1), which yielded individual pony degradation coefficients and profiles for each feed. The average degradation variables for each feedstuff were then calculated and the degradation profiles described (Figs 1 and 2 ).
where P is the degradation after time t, b is the potential degradation of component which will in time be degraded, c is the rate constant for degradation of b, a is the intercept of degradation curve when t 0 and e is exponential. The extent of degradation (effective degradability) was calculated for the FB using equation 2 at the chosen outflow rates of 0·100, 0·050, 0·025 and 0·016, to obtain DM loss at the assumed digesta mean retention times of 10.0, 20.0, 40.0 and 60.0 h:
where k is the chosen outflow value. The degradation at t 0 (a ), the potential degradation (b ), the rate constant (c ), a þ b and all of the calculated effective degradability values for FB were subjected to a twoway ANOVA using Genstat 5 (1993; Lawes Agricultural Trust, Rothamsted Experimental Station, Harpenden, Herts., UK). The SIB were too few in number to allow a sensible ANOVA to be carried out on individual pony data, thus the SIB data has been presented as the average across all ponies for each feed.
Particle size determination
The particle size of each of the feedstuffs were determined in a 3 £ 4 design where 15 g feed were carefully weighed and placed into the top of a tier of twelve sieves, which ranged in pore size from 40 mm at the top to 45 mm at the base. The cascade of sieves was then placed on an Elf 2000 shaker, which was set to run for 20 min. On completion of the shaking, each sieve was weighed and the following calculation carried out:
weight of sieve þ sample 2 sieve weight
The results obtained were then subjected to the standard procedure for calculating geometric mean particle size (American Dairy Science Association, 1970).
Water -holding capacity
The water -holding capacity of the three feeds was determined using a modification of the method of Robertson & Eastwood (1981) . Feed (0·5 g) and distilled water (20·0 ml) were placed into 30 ml centrifuge tubes and left to soak at room temperature for 24 h. The tubes were then centrifuged at 5000 rpm for 20 min, whereupon the excess water was decanted and the tube ends raised and left to drain for 1 h. The fresh weight of the feed was determined before oven drying at 608C for 48 h. Sample dry weight was then measured and the water -holding capacity of the feed calculated as ml water/g feed. This procedure was carried out three times in order to obtain three replicates for each of the four feeds.
Statistical analysis
All data except the DM degradation coefficients for the SIB were subjected to a two -way ANOVA using Genstat 5 (1993; Lawes Agricultural Trust). Significant differences between feeds for all variables measured were determined using least squares difference tests.
Results
Feed composition
The compositions of the experimental feeds are given in Table 1 . The DM and OM of the four feeds were similar, but the CP ðN £ 6·25Þ content ranged from 78 (sugar-beet pulp) to 120 g/kg DM (soyabean hulls). This pattern was paralleled by the ADF contents, but the NDF contents were highest in hay cubes and oat hulls -naked oats at 623 and 610 g/kg DM respectively, and lowest in sugarbeet pulp at 547 g/kg DM. The total NSP content of sugar-beet pulp and soyabean hulls was about 490 g/kg DM, whereas the mean value for hay cubes and oat hulls -naked oats was 100 g/kg lower at 380 g/kg DM. When calculated as a proportion of the total NSP present, the profile of NSP monomers in hay cubes and oat hullsnaked oats were similar, with 550 g glucose and 270 -300 g xylose/kg NSP present for both feeds. However, the sugarbeet pulp differed, with 870 g/kg total sugar-beet pulp NSP, consisting of near equal proportions of arabinose, glucose and uronic acids, with the levels of arabinose being notably higher than that detected in the other three feeds. The proportions of uronic acids found in sugar-beet pulp and soyabean hulls at 276 and 180 g uronic acids/kg total NSP respectively, were considerably greater than those in the oat hulls -naked oats and hay cubes. Indeed most (700 g/ kg NSP) of the soyabean hulls-NSP consisted of uronic acids and glucose in the ratio of about 1:3, and contained comparatively little xylose or arabinose.
Transit time, particle size and water-holding capacity Despite significant differences between feeds in waterholding capacity, the transit times of the mobile bags from stomach to caecum averaged 3.3 h, and were not significantly different between feeds ( Table 2 ). The mean Table 2 . Mobile bag ‡ transit time through the small intestine (STT) and through the total tract (TTT), water-holding capacity (WHC) and geometric mean particle size (PS) of hay cubes, oat hulls-naked oats (67:33, w/w), unmolassed sugar-beet feed and soyabean hulls † Mean values within the same row with unlike superscript letters were significantly different: P, 0·05. *P, 0·05.
† For details of diets and procedures, see transit times of the FB were very similar for sugar-beet pulp, hay cubes and oat hulls -naked oats at 65.0 h, whereas the soyabean hulls FB transit time was significantly (P, 0·05) lower at 55.0 h. The average particle size of 247 mm for hay cubes was significantly (P, 0·05) lower than the 369 to 430 mm range recorded for the other three feeds. Water-holding capacity was significantly (P, 0·05) different between all four feeds with sugar-beet pulp . soyabean hulls . hay cubes . oat hulls -naked oats. The water-holding capacity of sugar-beet pulp was more than 2·5-fold that of oat hulls -naked oats.
Losses from feed in bags passing through the small intestines of ponies
The losses of nutrients from the bags collected at the caecum (SIB), and those that had travelled through the entire tract (FB), are expressed as coefficients and shown in Table 3 . Losses of DM and OM from oat hulls -naked oats and hay cubes SIB were significantly higher than from soyabean hulls, which in turn were greater than from sugar-beet pulp. CP ðN £ 6·25Þ losses of 0·77 from oat hulls -naked oats SIB were significantly (P, 0·05) higher than the average 0·55 lost from soyabean hulls and hay cubes SIB. Losses of CP ðN £ 6·25Þ from sugar-beet pulp SIB at 0·30 were significantly lower than from the other feeds. By contrast, losses of ADF and NDF from SIB were greatest from sugar-beet pulp, followed by hay cubes, soyabean hulls and lastly oat hulls -naked oats, but these differences were only statistically significant (P, 0·05) between the sugar-beet pulp and oat hullsnaked oats with losses of 0·14 and 0·01 NDF respectively. Total NSP losses from SIB were not significantly different between the four feeds, although losses from sugar-beet pulp were greater than those from hay cubes and oat hulls -naked oats. Of the major individual NSP components, losses of glucose from oat hulls -naked oats (0·12) and of xylose from hay cubes (0·08) were significantly greater (P, 0·05) than from the other feeds which showed apparent gains in these constituents. Losses of uronic acids from sugar-beet pulp and soyabean hulls of 0·48 and 0·66 respectively were significantly higher (P, 0·05) than from hay cubes and oat hulls -naked oats, there being an apparent gain of 0·35 of uronic acids from the latter. Losses of the minor NSP constituents mannose and galactose from the SIB were greatest from oat hulls -naked oats and hay cubes . soyabean hulls . sugar-beet pulp. There were apparent gains of rhamnose for sugar-beet pulp and soyabean hulls, but losses of this constituent were observed from hay cubes. Losses from feed in bags passing through the total tract of ponies
In contrast to the losses of nutrients from the SIB, FB losses showed significant differences between the four feeds for most of the nutrients. For all of the variables measured, the highest losses were recorded for sugar-beet pulp . soyabean hulls . hay cubes . oat hulls -naked oats. More than 0·84 of DM and OM disappeared from the sugar-beet pulp FB. Likewise, in excess of two-thirds of these constituents were lost from soyabean hulls FB and about half of the DM and OM was lost from the hay cubes and oat hulls -naked oats FB. Losses of CP ðN £ 6·25Þ from the sugar-beet pulp and soyabean hulls FB were significantly (P, 0·05) higher than from their SIB counterparts, this was particularly marked for sugar-beet pulp where CP losses from FB were 2·5-fold that from the corresponding SIB. The increases in CP losses from the hay cubes and oat hulls-naked oats FB were not significantly greater than from the corresponding SIB. Losses of CP from hay cubes FB were lower than from the other feeds and were significantly (P, 0·05) lower than CP losses from the sugar-beet pulp and oat hullsnaked oats FB. Losses of ADF and NDF from the FB for all feeds were significantly (P, 0·05) higher than from the corresponding SIB, and losses of these components were significantly (P, 0·05) different for each feed, with highest losses being recorded from sugar-beet pulp FB of 0·68 and 0·77 for ADF and NDF respectively. Lowest losses were recorded from oat hulls -naked oats, with ADF and NDF disappearances averaging 0·21. Losses of total NSP from FB of each feed were higher than those losses from the SIB. Loss of total NSP from sugar-beet pulp FB was 0·90 which was significantly (P, 0·01) higher than that from hay cubes and soyabean hulls, which averaged 0·60; these losses were significantly (P, 0·05) higher than the 0·37 lost from oat hulls -naked oats. Losses of the major NSP monomers (glucose, arabinose, uronic acids and xylose) from sugar-beet pulp FB all exceeded 0·72 and apart from the uronic acids; these losses were significantly (P, 0·05) greater than from the other feeds, whereas losses of these nutrients from oat hulls -naked oats FB were less than 0·48, significantly (P, 0·05) lower than the corresponding losses from the other feeds. Losses of the major NSP monomers from soyabean hulls and hay cubes FB were not significantly different from each other. The losses of the minor NSP constituents, rhamnose, mannose and galactose from the FB were higher than 0·73 from all feeds except for oat hulls -naked oats, from which no net losses of rhamnose occurred and where losses of galactose averaged 0·57.
Fitted DM degradations
Fitted Ørskov & McDonald (1979) DM degradation curves from the three ponies for each feed are shown in Figs 1 and 2. Fig. 1 shows the average small intestine (SIB) curves for each feed and the individual bag DM values collected from each pony at the ileo-caecal junction, while Fig. 2 shows the average total tract curves for each feed and the individual faecal bag DM values collected from each pony.
For all feeds tested, bags were retrieved from the caecal cannula over the period 1·5 -8.0 h and lost only 0·15-0·35 of DM. Fitted results from the FB suggested that degradation was markedly affected by bag residence time in the large intestine. In excess of 0·65 disappeared from sugar-beet pulp when bags were incubated for 40.0 h, whereas soyabean hulls and hay cubes disappearances only reached this level after 60.0 h incubation. Oat hullsnaked oats lost a maximum of 0·58 after 16.0 h in the digestive tract. Although after 14.0 h of incubation sugarbeet pulp and soyabean hulls did lose more than 90 % DM, the speed at which these disappearances occurred in the earlier stages of incubation were significantly (P, 0·05) different: sugar-beet pulp attainined 70 % degradation in 30.0 h, whereas it took over 60.0 h for soyabean hulls to reach 70 %. The calculated effective degradability of each feed detailed in Table 4 indicate that the longer the incubation time, the greater the difference between feeds, with sugar-beet pulp being significantly (P, 0·05) more degraded than the other three feeds at 40·0 and 60.0 h mean residence time, whereas the shorter incubation of 10.0 h shows no significant differences between any of the feeds on mean retention time.
Discussion
Feed composition
The NSP content and composition of the feeds derived from the Graminaea (hay cubes and oat hulls -naked oats) were similar to those reported in other studies, (Longland & Low, 1989; Bach-Knudsen, 1991) . However, although the monomeric composition of the NSP fractions of the sugar-beet pulp and soyabean hulls used here were similar to those found elsewhere, (Longland & Low, 1989) , the total NSP contents of these feeds were somewhat lower than the 600 g/kg DM for sugar-beet pulp reported by Graham et al. (1986) , Bach-Knudsen (1991) and Longland & Low (1988) and 621 -840 g/kg DM for soyabean hulls found by Longland & Low (1988) . These differences probably reflect varying efficiencies in the industrial extraction of sucrose from sugar beet on the one hand and the de-hulling of soyabeans on the other. CP ðN £ 6·25Þ contents of sugar-beet pulp, soyabean hulls and oat hulls -naked oats were similar to those found in other studies by Moore-Colyer (2000) and (MJS MooreColyer and AC Longland, unpublished results). The hay cubes used in the present study had lower ADF and NDF contents and had twice the amount of CP ðN £ 6·25Þ than that found in the long hay used by . This indicates than the hay cubes contained grass conserved at an earlier stage of growth and was thus of a higher nutrient quality than traditionally made grass hay.
Loss of particles from mobile bags
The bags used in the present study conformed to the recommendations for using mobile bags in equids (Macheboeuf et al. 1996) . These recommendations advise that: particles inside the bag should be approximately 1·5 mm in size; sample weight to bag surface area should be 1 mg/mm 2 and bag pore size should be 40 -60 mm. These recommendations ensure that microbial colonisation and free exchange of fluid occurs between the bag and gut contents. In addition, this pore size should allow passage of fermentation end products to occur from the bag and small-undegraded particles to be retained within in the bag, while small particles from the basal diet are prevented from entering the bag. These recommendations are widely accepted by ruminant animal (Uden & Van Soest, 1984; Cockburn et al. 1993; Huntington & Givens, 1995) and pig (Cherian et al. 1989) nutritionists to give similar results to conventional digestibility studies, and although limited mobile bag studies have been carried out in equids, the work of Macheboeuf et al. (1996) indicates that these guidelines are also appropriate for in sacco work in equids.
Washing the retrieved bags using the rinse programme of an automatic washing machine is also a recommended procedure and is designed to remove mucous, endogenous enzymes and microbial biomass from the feed residue (Van Straalen et al. 1993) . In the present experiment, three replicates of the feed samples were subjected to the rinse programme of a domestic washing machine (washing machine bags) in order to assess the effect of cold-water washing on particle loss. Hay cubes and oat hulls -naked oats lost approximately 24 % DM and between 20 and 59 % CP ðN £ 6·25Þ; whereas sugar-beet pulp and soyabean hulls lost less than 10 % of both these nutrients. Fibre losses measured by NSP analysis, were lower, with only 4 % removed from soyabean hulls and sugar-beet pulp and 15 % from oat hulls -naked oats and hay cubes. Although Van Straalen et al. (1993) and Macheboeuf et al. (1996) both stressed the importance of an intensive wash to remove mucous, enzymes and microbes from the feed residue, it would appear from this experiment that such treatment also dispatched some of the soluble feed material, particularly the CP ðN £ 6·25Þ present in the naked oats portion of the oat hulls -naked oats mix, of which 59 % was lost. However, the washing machine bags had not passed through an enzymatic digestion process, and as is shown by Potter et al. (1992) and by the results of the present experiment, CP in cereals is readily digested by enzymatic action in the equid foregut; thus, the washing of the bags after passage through the gut would have had a minimal effect on the CP disappearance values. However, some particle loss as a result of coldwater washing was clearly evident, as the hay cubes and oat hulls -naked oats lost 15 % of the insoluble NSP fraction. Although machine washing ensures a standardised washing procedure, the process, particularly the 'spinning' aspect, may cause excessive loss of small particles from the bags, which a more gentle hand-wash could avoid. Moreover, the NSP analytical procedure results in the removal of protein, lipids, endogenous N and microbial N through the use of pancreatic enzymes (Longland & Low, 1989) . Therefore, if NSP analysis were the method of choice for determining the fibre content of feedstuffs, there would be no need for such rigorous post-incubation washing.
Particle size, transit time and water-holding capacity
The hay cubes and oat hulls -naked oats respectively had significantly (P, 0·05) and non-significantly smaller geometric mean particle sizes than either sugar-beet pulp or soyabean hulls. However, the DM losses recorded in the present experiment are unlikely to be due to physical loss of undegraded particles from the bags as soyabean hulls (with a mean particle size 122 mm greater than hay cubes) lost slightly more DM on passing through the small intestine than the hay cubes. The DM disappearances noted from the FB also appears to be less influenced by Table 4 . Variables in the DM degradation curve effective degradability (ED) values calculated for 10·0, 20·0, 40·0 and 60.0 h mean retention time for hay cubes, oat hulls-naked oats (67:33, w/w), unmolassed sugar-beet pulp and soyabean hulls determined from residues contained in polyester mesh bags ‡ after passing through the small intestine (SIB) and total tract of ponies (FB) †
Hay cubes
Oat hulls-naked oats Unmolassed sugar-beet pulp Soyabean hulls SED Statistical significance of effect (ANOVA) Mean values within a row with unlike superscript letters were significantly different (P, 0·05). *P, 0·05.
† For details of diets and procedures, see Table 1 and p. 730. ‡ Polyester mesh bags: 60 £ 10 £ 10 mm; Seriol Ltd, Broadstairs, Kent, UK. Ørskov & McDonald, 1979) , where k is the chosen outflow value.
particle size than the processes of digestion and fermentation, as sugar-beet pulp had the largest mean particle size, yet the highest DM losses, whereas hay cubes had the smallest particle size but significantly (P, 0·05) lower DM loss than both sugar-beet pulp and soyabean hulls. The mean transit times of the FB through the gastrointestinal tract of the ponies in the present study, which ranged from 55·0 to 65.0 h for all feeds tested, were nearly twice as long as the 31·0 and 32.9 h reported by Macheboeuf et al. (1996) and Tomlinson (1997) respectively. This difference may be due to the metal washers that were sealed into one end of the bags, thus making them heavier than those used by Macheboeuf et al. (1996) . The increased weight may have resulted in the bags sinking to the gut floor, thereby reducing their passage rate through the gut. Although the water-holding capacity of the feeds differed, this did not substantially affect passage rate as bags containing soyabean hulls had a faster passage rate than those containing sugar-beet pulp or hay cubes, which had higher and lower water-holding capacity respectively than soyabean hulls.
Fitted DM degradations
The major benefit of the mobile bag technique over total collection studies is the potential for obtaining information on both the rate and extent of feed degradation. The wide range of recovery times for both the SIB and FB (Figs 1 and 2) meant that feed had effectively been incubated for 1·5 to 7.5 h in the small intestine and 14·0 to 150 h in the large intestine. The average degradation profiles (Ørskov & McDonald, 1979) , fitted to the losses recorded from the SIB (Fig. 1) , show oat hulls -naked oats to lose a one-third of DM present within the first 2.0 h of incubation, whereas the sugar-beet pulp lost less than a quarter of DM after 7.0 h of incubation. This situation was reversed in the FB (Fig. 2) , which clearly shows that sugar-beet pulp and soyabean hulls were not only more fully degraded, but were also more rapidly degraded than oat hulls -naked oats. The mobile bag technique therefore yields precise information on the availability of nutrients within the different regions of the gastrointestinal tract and can be used to increase the precision of matching nutrient supply to individual animal requirements. Furthermore, the Ørskov & McDonald (1979) model allows effective degradability values to be calculated by taking account of the passage rate of digesta through the tract and so allows the nutrient value of a feed to be determined for different mean retention times (Table 4) . Although the average mean retention times within the total tract were similar for hay cubes, oat hulls-naked oats and sugarbeet pulp, the soyabean hulls FB were retained within the total tract of the ponies for 10.0 h less, so the end point digestibility values obtained from the bulked FB samples were confounded with residence time. Thus, the only accurate way to compare across feeds is to calculate effective degradability values for a given residence time. Thus, a true comparison between feeds, e.g. sugar-beet pulp and soyabean hulls, can be done for a meaningful retention time such as 20.0 h, which shows that sugarbeet pulp was significantly more degraded than soyabean hulls. Combinations of foregut and hindgut degradation profiles thus have considerable potential for improving ration formulation for horses, as selection of feedstuffs can be done on the basis of nutrient content, potential digestibility and rate of digestion within different regions of the gastrointestinal tract.
Losses of fibre from feed in bags passing through the small intestine and total tract of ponies
The results of the present study indicate that fibre composition had a greater influence on degradability in both the small intestine and total tract of ponies than the time the feed remained within the gastrointestinal tract. Despite the significantly (P, 0·05) lower total transit time for soyabean hulls (54.0 h) compared with sugar-beet pulp and hay cubes (65.0 h) the recorded disappearances for all monomers except glucose were greater for soyabean hulls than those recorded for hay cubes. The highest and lowest losses of fibre from both the SIB and FB were from sugar-beet pulp, and oat hulls -naked oats respectively, and although the bags had a longer mean retention time than 'free digesta' within the gastrointestinal tract, the disappearance values correspond closely with the digestibility values for these feeds recorded in an earlier total collection trial (Moore-Colyer, 2000) . The main constituent of sugar-beet pulp is fibre (Table 1 ) and the 78 g CP ðN £ 6·25Þ=kg DM in this feed is largely cell-wall bound; thus, the FB DM degradation curves largely reflect the disappearance of the fibre fraction in sugar-beet pulp. Thus, the end point total NSP disappearance and the DM degradation curves for sugar-beet pulp indicate that this feed was not only more degradable, but was more rapidly degraded than the fibre fractions of the other three feeds. These observations concur with the earlier findings (Stefánsdóttir, 1996; Hyslop et al. 1999) , where the in situ technique was used in caecally fistulated ponies to measure the speed and extent of degradation of fibrous feedstuffs similar to those used in the present study. The variations in the rates and extents of feedstuff degradation may, at least in part, be attributed to differences in the composition of their fibrous fractions. Approximately two-thirds of the sugar-beet pulp NSP was composed of arabinose and uronic acids, both of which are known to be highly degradable (Van Soest, 1994) . By contrast, the poor degradability of the oat hulls -naked oats noted in the present study and by Stefáns-dóttir (1996) and Hyslop et al. (1999) may be attributed to high NSP contents of cellulosic glucose and xylose, NSP fractions that are known to be particularly resistant to microbial action (Graham et al. 1986) . Although soyabean hulls and hay cubes both contained considerable amounts of cellulosic glucose, the soyabean hulls contained substantially lower levels of xylose, and this may well account for the more rapid and extensive degradation of this feed compared with that of hay cubes within the total tract of ponies.
The maximum and minimum pre-caecal losses of NSP expressed as a proportion of total NSP losses from FB (Table 5) , were 15 % for sugar-beet pulp and 9 % for hay cubes. These low levels of pre-caecal degradation of sugar-beet pulp NSP are in contrast to those reported for pigs, where more than 300 g sugar-beet pulp NSP/kg disappeared in the small intestine (Longland & Low, 1989 ). This suggests that the level of pre-caecal microbial activity in ponies is limited in comparison to that of growing pigs, or that the small intestinal feed residence time is lower in ponies compared with pigs. In the current study, of the individual NSP monomers present in significant quantities, it was the uronic acid and arabinose that disappeared most readily, whereas there were apparent gains of xylose and glucose in most cases. These gains were probably due to ingress, into the bags, of feed particles derived from the basal diet. However, ingress of particles into the bags is unlikely to explain why more ADF than NDF disappeared from the hay cubes SIB. Theoretically, ADF analysis measures the cellulose and lignin content after boiling with acid-detergent solution, but the system has several flaws (Morrison, 1980) . The empirical nature of the analysis means that the end result is obtained by calculation of what is left after repeated boiling with detergent solutions, rather than measuring what the sample contains per se. In addition, the ADF fraction may not contain just cellulose and lignin, but may incorporate matrix polysaccharides as well as structural polysaccharides, while the accuracy of the NDF analysis can be compromised by the solubilisation in neutral-detergent solution of important cell wall constituents such as pectins (Southgate et al. 1978; Theander & Aman, 1979; Morrison, 1980) ; thus, these anomalies could easily account for the 5 % discrepancy between the ADF and NDF disappearances.
Losses of organic matter and crude protein (N £ 6·25) from feed in bags passing through the small intestine and total gastrointestinal tract of ponies
The significant difference in DM and OM losses from the four feeds in SIB can be attributed to losses in CP ðN £ 6·25Þ and other unmeasured nutrients such as water-soluble carbohydrates, as none of the losses of total NSP from the feeds were significantly different. The 54 % loss of OM from hay cubes FB was similar to the 56 % reported by Smoulders et al. (1990) for grass hay fed to horses, and the 87 % loss of OM from sugar-beet pulp FB reflects the highly degradable nature of this feed, and is very close to the 85 -90 % noted in pigs by Graham et al. (1986) , Longland & Low (1988) and Yan et al. (1995) . The particularly high level of CP ðN £ 6·25Þ loss from the oat hulls -naked oats reflects the botanical origin of the protein in this feed. Cereal CP is known to be digested well in the equid small intestine (Gibbs et al. 1996) , whereas a greater proportion of the protein in fibrous feeds is degraded in the large intestine. Clearly, this is an important consideration when formulating rations for horses with high protein demands, as only protein digested in the small intestine can be utilised by the horse (Hintz & Cymbaluk, 1994) . In the present study, only 30 % sugarbeet pulp CP and 52 % hay cube CP were degraded in the small intestine, which are equivalent in quantitative terms to less than one-third and one-half respectively of the protein provided by the oat hulls -naked oats diet. However, although the extent of CP loss from hay cubes FB remained lower than from oat hulls -naked oats FB, CP loss from the sugar-beet pulp FB was not significantly different from the oat hulls -naked oats FB. Sugar-beet pulp contains a hydroxyproline-rich fraction within the cell wall, which may have been unavailable to proteolytic action in the small intestine, but became available in the large intestine as the NSP fraction was progressively fermented. Although 15 % of the total NSP was lost from SIB this was clearly insufficient to release the majority of the protein. These results serve to illustrate the shortcomings of using total tract CP digestibility values in ration formulation in horses, for the relative contributions Table 5 . Pre-caecal disappearance of hay cubes' oat hulls-naked oats (67:33, w/w), unmolassed sugar-beet pulp and soyabean hulls from polyester mesh bags ‡ collected at the ileo-caecal junction, expressed as a proportion of total intestinal tract disappearances determined from corresponding bags that had passed through the total intestinal tract of ponies † Mean values within a row with unlike superscript letters were significantly different (P, 0·05). *P, 0·05, **P, 0·01.
† For details of diets and procedures, see Table 1 and p. 730. ‡ Polyester mesh bags: 60 £ 10 £ 10 mm; Seriol Ltd, Broadstairs, Kent, UK.
of small intestine digestion and large intestinal fermentation to overall protein degradation are unknown and vary with botanical origin of the feed. Therefore use of total tract CP digestibility values may either lead to horses being protein deficient, or to animals being fed excess protein, which is both wasteful and potentially harmful.
Conclusion
Results from the present experiment demonstrate that the mobile bag technique can be used to determine the apparent digestibility of botanically diverse fibrous feeds in ponies. Use of this technique in fistulated ponies allowed feedstuff degradation to be measured within different segments of the digestive tract and hence improve current knowledge on nutrient availability in the horse. In addition, in sacco techniques allow effective degradabilities to be calculated, which is particularly useful information when manipulating diets for performance horses engaged in activities that require both rapid and sustained energy release. Thus, the feed that yielded the most nutrients in the total tract of the ponies was sugar-beet pulp . soyabean hulls . hay cubes . oat hulls -naked oats. Sugarbeet pulp was also found to be the most rapidly degraded feed in the total tract, but its digestibility in the foregut was limited, particularly with regard to CP ðN £ 6·25Þ: Although soyabean hulls were also readily degraded after prolonged residence in the gut, normal digesta mean retention times of about 36.0 h indicate that when energy intake is at a premium, sugar-beet pulp should be the feed of preference. However, as demonstrated in the present experiment, sugar-beet pulp and hay cubes were both poor sources of available CP, so diets for equids with high protein demands should include adequate amounts of feedstuffs such as cereals or soyabean hulls. These supply small intestinal digestible protein and can therefore be utilised by the horse.
